Background/Aims: Silencing of tumor suppressor genes (TSGs) and promotion of angiogenesis are associated with tumor development and metastasis. However, little is known if angiogenic molecules directly control TSGs and vice versa. Methods: A regulatory link between angiogenesis and down regulation of TSGs was evaluated using an anti-cancer agent, andrographolide (AGP) in cancer cells, mouse xenograft tissues and patient derived organoids through gene/protein expression, gene silencing, and immunohistochemical analyses. Results: AGP treatment demonstrated significant expression of RASSF1A and PTEN TSGs in colon cancer and other cancer cells, mouse tissues and organoids. Depletion of RASSF1A with siRNA limited cyclin D1 and BAX expression. SiRNA depletion of PTEN, upstream regulator of RASSF1A resulted in a 50% reduction in RASSF1A expression. Histopathological analysis of the AGP treated tumor sections showed significant reduction in vessel size, microvascular density and tumor mitotic index suggesting suppression of angiogenesis. This was corroborated by protein analysis demonstrating significant reductions in angiogenesis signaling pathway molecules VEGF 165 , FOXM1, and pAkt, but significant elevation of the endogenous angiogenesis inhibitor Tsp-2. Treatment of cells with exogenous VEGF prevented the suppression of angiogenesis signaling by AGP, resulting in sustained expression of pAkt, an upstream down-regulator of RASSF1A. RASSF1A expression remained low in VEGF treated cells despite the addition of AGP. Conclusion: Our results demonstrate for the first time that AGP induces RASSF1A expression in colon cancer cells and is dependent on angiogenesis signaling events. Therefore, our research may facilitate novel therapeutic options for advanced colon cancer therapy.
Introduction
Initiation of cancer progression is due to an imbalance of activation of cellular oncogenes and the loss of function of tumor suppressor genes (TSG) [1] . One such TSG is the Rasassociation domain family A (RASSFA) [2, 3] . RASSF1A is subject to epigenetic regulation and suppression of RASSF1A is largely mediated through methylation. A previous study reported RASSF1A methylation ranging from 12% to 81% in colorectal cancer (CRC) cells [4, 5] . The biological functions of RASSF1A are still being elucidated. Several studies have demonstrated that the RASSF1A isoform is mainly involved in cell cycle control and DNA repair [6, 7] . Other studies have demonstrated its role on growth regulation and pro-apoptotic pathways [8] [9] [10] [11] [12] [13] .
In addition to the genetically controlled development of tumor cells, tumor angiogenesis also plays a critical role in tumor development. The potent and prevalent proangiogenic factor VEGF-A is a primary driver of angiogenic signaling. It signals through its receptors, primarily VEGFR2.The upregulation of this receptor in tumor cells is due to the activation of oncogenes and inactivation of tumor suppressor genes during neoplastic transformation. After binding with its ligand, this receptor responds by signaling through the Raf-MEK-ERK and PI3K-Akt kinase cascades [14, 15] . Novel therapeutic agents that target angiogenic mechanisms would serve as a valuable adjunct to treat cancer including colon cancer.
We have previously demonstrated that the plant metabolite andrographolide (AGP) induces cell death in CRC cells and that this activity is dependent on the activation of IRE-1, an ER stress marker [16] . We now report that AGP enhances RASSF1A expression in CRC cells and colon cancer tumor tissue and that this activity is also dependent on ER stress. In our model, depletion of RASSF1A during AGP treatment resulted in reduced apoptosis signaling and arrest of the cell cycle. We also demonstrate that AGP inhibits angiogenesis through the downregulation of pro-angiogenic factors including VEGF 165 ; VEGFR2, FOXM1, and PTTG1. Notably, suppression of angiogenesis signaling suppresses Akt activation, a critical event in the upregulation of RASSF1A expression. This is the first report that cancer treatment suppressing angiogenesis promotes expression of RASSF1A and other tumor suppressor genes.
Materials and Methods

Ethics Statement
De-identified colon cancer tissues were collected from patients undergoing colorectal surgery with the approval of the University of Maryland Institutional Review Board (HP-00066889). Written consent was obtained from all patients from whom discarded tissue was collected which included permission to publish results. Animal experiments were performed in accordance with the N.I.H. Guide for the Care and Use of Laboratory Animals. The protocol was approved by the Institutional Animal Care and Use Committee of the University of Maryland in Baltimore (1113007).
Cell culture and AGP treatment T84, Colo 205 and HCT 116 colon cancer cell lines were cultured and treated with AGP, 4PBA or TM at the indicated concentrations as previously described [16, 17] . To evaluate the relationship between AGP induced suppression of angiogenesis signaling and RASSF1A expression, the colon cancer cells were stimulated with VEGF 165 (10 ng/well) for 10 mins and then treated with AGP for 48 h. RASSF1A expression and VEGF associated signaling events were monitored by western blot.
Generation and propagation of patient-derived organoid cell cultures
Organoid cell cultures were established based on the method of Sato et al. with slight modifications [18] . Briefly, resected colon carcinoma tissue was rinsed with cold PBS and tissue fragments (~2mm 3 ) were digested with collagenase IV (Sigma-Aldrich), DNaseI (Applichem), and dispase (Stem Cell Technologies) in advanced DMEM/F12 (Life Technologies) supplemented with 1X penicillin/streptomycin at 37°C for 1 h. Fragments were recovered by centrifugation at 300 g for 3 min and resuspended in Advanced DMEM/ F12 with antibiotics. The suspension was filtered through 100 µm and then 40 µm cell strainers and recovered by centrifugation. Cell fractions were mixed with phenol-free growth factor-reduced Matrigel (Corning) and seeded in 24-well plates as 20 µl domes. Matrigel domes were then overlaid with 500 µl of Advanced DMEM supplemented with glutamax, penicillin/streptomycin, 1X N2 (Gemini BioProducts), 1X B27 (Gemini BioProducts), 1mM N-acetyl-L-cysteine (sigma Aldrich), 20 ng/ml fibroblast growth factor (Gemini BioProducts), and 50 ng /ml epidermal growth factor (Gemini BioProducts). The cultures were passaged when the aggregates reached a diameter of approximately 800 µm. Organoids were passaged by trypsinization and replated in a 24 well plates at 1:3 dilution.
Endothelial cell culture and viability assay
Endothelial cells (HUVEC) were a gift from Joshua Lewis, Ph.D. (University of Maryland School of Medicine). Cells were cultured as previously published methods [19] . Cell viability in the presence or absence of AGP was assessed using the MTT assay as previously described [20] .
Immunoblotting
Immunoblotting were performed as previously described [21] . The primary antibodies used were against RASSF1A (eBioscience, San Diego, CA, 14-6888-80), p-YAP (Cell signaling, Ser127, D9W21), p-Akt (thr308) (Cell signaling, 9275), IRE-1 (Cell signaling, 3294), YAP (G-6) (sc-376830, Santa Cruz Biotechnology, Dallas, TX), phospho-VEGFR1/Flt-1 (Y1213) (AF4170), phospho-VEGFR2 /KDR/Flk-1 (Y1214) (AF1766, R&D systems), FOXM1 (R&D systems, Minneapolis, MN). Images were captured using a Syngene G Box digital imager (Frederick, MD) and results were quantified by densitometry as previously described [21] .
Quantitative real-time polymerase chain reaction (qRT-PCR)
Gene expression was evaluated as previously described [16] . Primer sequences are listed (for all online suppl. material, see www.karger.com/doi/10.1159/000492012) in Suppl. Table 1 . Relative gene expression changes were calculated using the 2-ΔΔCT method, and expression normalization was accomplished using housekeeping gene GAPDH.
Manipulation of RASSF1A, PTEN and IRE-1 expression
Depletion studies were performed using siRNA specific for RASSF1A, PTEN and IRE-1 and a proprietary universal negative control siRNA (Sigma Aldrich, #EHU088291, #EHU106441, #EHU002721, and #SIC001 respectively) [16] . The siRNA reagents are a mixture of siRNA sequences prepared from an enzymatic digestion cDNA. T84 and Colo 205 cells were transfected with siRNA using TurboFect (ThermoFisher Scientific, #R0533). Briefly, T84 cells (5 x 10 4 cells/well) and for Colo 205 cells (5 x 10 5 cells /well) in 24 well plates were transfected with 1µg siRNA in 100 µl serum free DMEM and transfection reagent and cells were analyzed for gene expression at 24 and 48 h. For activation experiments, transfected cells were treated with AGP for 48 h. Gene depletions were validated by qRT-PCR. IRE-1 overexpression was performed as previously described using a plasmid for IRE-1 overexpression (IRE-1 α-pcDNA3.EGFP, #13009) purchased from Addgene (Cambridge, MA) [16] .
Mouse xenograft model
Athymic Balb/c (nu/nu) mice aged 6 weeks were housed under pathogen-free conditions in micro isolator cages at the University of Maryland Baltimore animal center. Groups of five to seven mice were injected in the flank with 5X10
6 HCT 116 cells to induce tumor development. Mice were treated with AGP either by injection (IP) or orally (PO) at a dose of 50 mg/kg body weight when tumors reached 400-500 mm 3 . Mice were dosed for five consecutive days. Mice were euthanized either 1 hour or 4 hours post-dosing following the final AGP treatment. Tumors were excised and weighed and then half of each tumor was fixed in 10% buffered formalin and the other half was frozen for subsequent analysis.
Histological staining and Microvessel Counts (MVC)
Formalin fixed HCT 116 tumor tissue was embedded in paraffin and 4 µM sections were stained with H&E and analyzed microscopically to quantify the mitotic index using the ratio of cell numbers undergoing mitosis (any stage of cell division) to the number of cells not undergoing cell division. The MVC were analyzed as previously described [22] . Five hot spots from each group were evaluated under 200X magnification and microscopic images from each area were collected (ASI C-203) using an Olympus BX53 with the use of bioquant lifescience 2017 program and recorded as MVC.
Cellular Physiology and Biochemistry
Immunohistochemistry from tumor tissue Proliferative differences between control and AGP-treated HCT 116 tumor tissues were determined by immunohistochemical staining for Ki67 as previously described [23] . Tissue sections were incubated with anti-Ki67 (M-19) antibody (Santa Cruz # sc-7846) followed by ImmPRESS reagents for goat antibody (MP7405, Vector Laboratories, Burlingame, CA) and development with brown ImmPACT DAB HRP substrate (Vector). Images were captured as described earlier (23) .
Statistical analyses
Statistical analysis was performed with Graph Pad Prism for Macintosh 5.0c (Graph Pad Software Inc., San Diego, CA). The mean S.E. was calculated by one way ANOVA. Significance between groups was analyzed using the post hoc Tukey's test and Bonferroni test. P values were considered significant if less than 0.05 and are indicated throughout using asterisks * = P < 0.05, ** = P < 0.01, *** = P < 0.001. 1) . Expression of RUNx, MLH, and HPP1 were uniformly suppressed and APC was unaffected (see online suppl. material, Suppl. Fig.1 A-E). Conversely, CDKN2A, PTEN and RASSF1A expression was significantly upregulated in T84 and Colo 205 cells (Fig. 1A , B, and C, P < 0.05). RASSF1A expression was also upregulated in HCT 116 cells (P < 0.01) and overall, RASSF1A was observed to exhibit the most pronounced increased in expression.
Results
AGP alters expression of tumor suppressor genes in CRC cells
AGP induces RASSF1A expression in cells from multiple types of cancer
RASSF1A expression is suppressed in many types of cancer including colon 1I ) and triple negative breast ( Fig. 1J ) cancer cells. Increased expression in these cells required a minimum of 50 µM AGP. RASSF1A expression in normal breast epithelial cells actually decreased significantly at higher doses of AGP (Fig. 1K ). It is probable that a complex form via RASSF1A domain with the histone deacetylase 1 and DNA methyl transferase 1. However, this needs to be investigated in future.
AGP induced RASSF1A expression promotes cell cycle arrest and apoptosis
Previous reports have documented the induction of cell cycle arrest and apoptosis in cancer cells treated with AGP [20, [24] [25] [26] . We depleted RASSF1A expression with siRNA in T84 and Colo 205 cells to determine the role of RASSF1A in cell cycle arrest and apoptosis following treatment with AGP. RASSF1A siRNA significantly reduced RASSF1A mRNA levels comparable to cells with no AGP treatment ( Fig. 2A) . Since AGP has been demonstrated to suppress cyclin D1 and cell cycle progression [24] and since RASSF1A can regulate cell cycle progression we also measured cyclin D1 expression in these cells. We observed a significant increase in cyclin D1 mRNA levels in AGP treated T84 cells transfected with RASSF1A siRNA compared to cells transfected with control siRNA (Fig. 2B , P < 0.05) or with AGP alone (P < 0.001). Similar results were observed for Colo 205 cells (P < 0.001). RASSF1A also has the potential to promote apoptosis. We used expression of Bax as a marker for apoptosis signaling. When AGP treated T84 cells were first transfected with RASSF1A siRNA there was a significant decrease in Bax mRNA compared to AGP alone ( Fig. 2C , P < 0.001) or AGP plus control siRNA (P < 0.01). Similar results were observed for Colo 205 cells (Fig. 2C , P < 0.001).
RASSF1A can also promote apoptosis through a pathway involving the activation of LATS1, which phosphorylates the transcription factor YAP [10] . Additionally, RASSF1A can activate MST1 which promotes apoptosis via the Ndr1/2 kinase [13] . Protein analysis on AGP treated colon cancer cells demonstrated a significant increase in phosphorylated YAP in Colo 205 cells (Fig. 2D , P < 0.01). Additional analysis on transcript levels for LATS and MST1 on T84 and Colo 205 cells transfected with RASSF1A siRNA demonstrated that silencing of RASSF1A expression during AGP treatment results in significantly less LATS and MST1 expression compared to cells transfected with control siRNA (see online suppl. material, Suppl. Fig. S2 , P < 0.001).
We extended our observations of ex vivo model using human colon cancer organoids treated with AGP. Organoids were treated with increasing doses of AGP (0-90 µm). Organoid morphology was evaluated by light microscopy. Organoid structures were observed to condense and dissociate with increasing concentrations of AGP (Fig. 2E ) and there was a quantifiable dose-dependent deterioration (Fig. 2F) . The dose-dependent cell death was confirmed by the MTT assay (Fig. 2G) [27] . RASSF1A expression was evaluated in this 3D culture model by immunofluorescence. The results indicate significantly greater expression of RASSF1A in AGP treated organoids (p<0.01) compared to untreated cells (Fig. 2H) .
AGP induces ER stress, tumor suppressor gene expression, and reduced angiogenesis signaling in tumor tissue in vivo
The efficacy of AGP in limiting colon cancer growth in vivo has been demonstrated in xenogenic mouse models [8, 28, 29] . We employed a short term in vivo AGP treatment analysis to confirm that AGP induces TSG expression in a physiologic setting. We have previously reported that AGP-induced cell death in colon cancer cells requires UPR-mediated ER stress [16, 17] . Therefore, both TSGs and ER stress markers were evaluated. Tumors were established using HCT 116 cells in the flanks of nude mice and mice were treated for five consecutive days of AGP therapy by either IP or PO administration. Tumor tissue was excised at either 1 h or 4 h following the final treatment. Excised tumor tissue was analyzed by qRT-PCR. Increased expression of the ER stress-induced unfolded protein response protein Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry IRE-1 (P < 0.05) was detected in the 4 h PO group by compared with untreated tumor (Fig.  3A) . No significant expression was found following IP administration or for the 1 h PO AGP treated group. Upregulation of the ER stress protein GRP-78 was also observed in the 4 h PO AGP treated group ( Fig. 3B ; P < 0.05). Tumor suppressor gene expression was also notably increased in the 4 h PO AGP treatment group including RASSF1A and PTEN ( Fig. 3C , P < 0.001 and Fig. 3D , P < 0.05 respectively). We also monitored the anti-angiogenic signaling property of AGP since AGP has been reported to limit angiogenesis signaling in some models [30, 31] . Levels of VEGF 165 and FOXM1 in mice harvested 4 h PO AGP treatment showed decreased expression (Fig. 3E , and 3F respectively). These results were reinforced by protein expression analysis (Fig. 3G ) demonstrating significant increases in IRE-1 expression in tumor tissue for all treatments (Fig. 3H) , increased RASSF1A expression in mice with AGP PO treatment (Fig.  3I) , and significant reductions in FOXM1 expression with AGP 4 h PO treatment (Fig. 3J) . Additionally, phospho-Akt levels, an important intermediate in angiogenic signaling was also significantly reduced for all treatments (Fig. 3K) .
AGP decreases microvasculature and mitotic index in tumor tissue
Tumor tissues were evaluated for the influence of AGP on the tumor microenvironment and angiogenesis. Cellular proliferation was evaluated by immunohistochemistry for Ki-67 in the presence of absence of AGP treatment. We observed a decrease in the percentage of Ki67 positive cells in all AGP treated groups with the most significant reductions occurring at 4 h PO or IP treatment (Fig. 4A , P < 0.001). H&E stained sections were also evaluated and large microvessels were enumerated in five vessel-rich microscopic fields per tumor. AGP treatment at 4 h PO or IP reduced the size and number of the microvessels (Fig. 4B) . The mitotic index of treated or untreated tumor tissues was also measured. We found the reduction in mitotic index to correlate well with the decrease in microvessels in AGP treated tissues, particularly those tumor with 4 h PO and IP treatment ( Fig. 4C , P < 0.001).
AGP induced RASSF1A expression is dependent on ER stress
Our previous studies documented a critical role for ER stress in AGP anti-cancer activity [16, 17] and our in vivo analysis demonstrated increased expression of ER stress markers and RASSF1A following AGP treatment (Fig. 3) . Therefore, cancer cells were treated with the ER stress inhibitor 4-PBA to determine the importance of ER stress on AGP induced RASSF1A expression. AGP significantly increased RASSF1A protein expression in T84 cells as previously demonstrated for transcriptional analysis (Fig. 1B) but levels returned to baseline in the presence of 4-PBA (Fig. 5A) . Similar results were observed in HCT 116 cells (Fig. 5B , P < 0.001). Although differences in protein expression were not as stark, AGP treatment did increase RASSF1A levels compared to untreated controls (P < 0.001) whereas cells treated with both 4-PBA and AGP did not. Results for Colo 205 cells were less conclusive as 4-PBA failed to reduce protein expression of RASSF1A (Fig. 5C ). Analysis performed on T84 cells transfected with siRNA for the ER stress gene IRE-1 demonstrated expression of RASSF1A to be one third that in cells transfected with control siRNA prior to AGP treatment ( Fig. 5D , P < 0.05).
PTEN expression promotes RASSF1A expression in AGP treated cells
Expression of the PTEN tumor suppressor gene was also increased in colon cancer cells (Fig. 1C) . PTEN serves as a negative regulator of PI3K/Akt signaling in the survival pathway. We transfected colon cancer cells with PTEN siRNA to determine if AGP induced RASSF1A expression is dependent on PTEN activity. Transfection with PTEN siRNA resulted in significantly reduced PTEN mRNA levels in AGP treated T84 and Colo 205 cells compared to AGP treatment of cells transfected with control siRNA (Fig. 5E , P < 0.001). PTEN levels remained low at both 24 and 48 h. Analysis of RASSF1A expression in these cells showed significant reductions in T84 cells (P < 0.001) and Colo 205 cells (P < 0.01) at 24 h and 48 h respectively compared with cells transfected with control siRNA. These data suggest that AGP induced PTEN expression can help regulate RASSF1A in colon cancer cells.
AGP downregulates angiogenic signaling molecules in colon cancer cells
Angiogenesis signaling proteins were suppressed in tumor tissue of AGP treated mice (Fig. 3) . We therefore investigated the angiogenic molecule expression in AGP treated colon cancer cells in vitro. Analysis using qRT-PCR demonstrated greater than 50% reduction of VEGF 165 expression in T84 and Colo 205 cells following AGP treatment for 48 h (Fig.  6A, P < 0.001) . Similar results were observed for VEGF 189 in Colo 205 cells (Fig. 6B, [22, 32] . As shown in Fig. 6C , the Tsp-2 mRNA level was significantly upregulated in AGP treated Colo 205 cells (P < 0.01) and T84 cells (P < 0.05) compared unstimulated control cells. TSP-1 levels however did not change significantly in either cell line (data not shown). The VEGF receptors were also assessed in these cells lines by but little change was noted in T84 cells until expression of VEGFR2 dropped significantly at 48 h (Fig. 6D) . Colo 205 cells however displayed pronounced increases in expression for both VEGFR1 and VEGFR2 at 8 and 24 h of stimulation but similar to the T84 cells the expression levels were reduced below control levels.
AGP-induced suppression of angiogenesis signaling is ER stress dependent
Our results demonstrate that AGPinduced RASSF1A expression is dependent on ER stress (Fig. 5) . We analyzed AGP treated cells using chemical or genetic blocking of ER stress proteins to determine their role in suppression of angiogenesis signaling. Blocking ER stress with 4-PBA failed to increase VEGFR expression (see online suppl. material, Suppl. Fig. S3A ). We have reported that AGP associated ER stress occurs primarily through the activation of IRE-1 and leads to apoptotic colon cancer cell death [16] . Therefore we evaluated the role of IRE-1 in VEGFR expression. Overexpression of IRE-1 was sufficient to suppress both VEGFR1 and VEGFR2 at 48 h even in the absence of AGP treatment (see online suppl. material, Suppl. Fig. S3B , P < 0.001). We further tested to role of IRE-1 by transfecting colon cancer cells with IRE-1 siRNA and monitoring the expression of pro and anti-angiogenic molecules. Little effect was noted on VEGF expression (Fig.  6E and F) . As expected, AGP treatment reduced the expression of FOXM1, FoxO3, and PTTG1. Transfection of T84 prior to AGP treatment significantly increased the expression of these proteins comparable to, or greater than, expression levels in controls cells (Fig. 6G, H, and I) . Transfection with control siRNA failed to reverse the 
effects of AGP treatment. Conversely, whereas AGP treatment increased expression of the angiogenesis inhibitor Tsp2, transfection with IRE-1 siRNA reduced expression levels to those below background levels ( Fig. 6 , P < 0.001). These results indicate that AGP induced anti-angiogenesis is mediated via ER stress and in particular the IRE-1 activation pathway. The ability of AGP to suppress angiogenesis signaling is consistent with the reduced vessel formation we observed in treated tumor tissue (Fig. 4) , but is confirmed by the ability of AGP to limit endothelial cell viability when tested in vitro (see online suppl. material, Suppl. Fig.  S4 ).
Exogenous VEGF restores Akt phosphorylation and suppresses RASSF1A expression in AGP treated cells
Akt activation stabilize DNA methyltransferase which contributes to the silencing of RASSF1A [33, 34] . Since AGP treatment suppressed angiogenesis signaling including Akt phosphorylation in vivo (Fig. 3) we tested the relationship between angiogenesis signaling and RASSF1A expression. Colon cancer cells were treated with AGP in the presence or absence of exogenous VEGF 165. The expression of the VEGF receptors was evaluated to determine if exogenous VEGF 165 blocks AGP suppression of angiogenesis signaling (Fig. 7A) . Immunoblot analysis for the VEGFR1 and VEGFR2 demonstrated a significant increase in colon cancer cells stimulated with exogenous VEGF 165 compared with unstimulated cells although the addition of VEGF 165 to AGP treated cells failed to prevent the suppression of these receptors (Fig. 7B) . The addition of VEGF 165 did however, promote the phosphorylation of Akt, and when VEGF 165 combined with AGP Akt activation remained significantly greater than cells treated with AGP alone (Fig. 7C) . These data indicated VEG 165 treatment supersedes the effects of AGP with respect to downstream angiogenesis signaling events. The addition of VEGF 165 also prevented the upregulation of RASSF1A expression by AGP (Fig. 7D) . Whereas AGP alone induced significantly greater levels of RASSF1A compared to unstimulated cells To better understand the molecular mechanism of AGP in colon cancer cell death and to extend our previous observations we used AGP in this study. The previous observations are: 1) AGP induces cell death in CRC cells and this activity is dependent on the activation of IRE-1, an ER-stress marker. 2) However, in the subsequent study we found, AGP induces ER stress leading to apoptosis through the induction of Reactive Oxygen Species (ROS) and play an important role in down-regulating cell cycle progression and cell survival pathways as well. 3) In addition, we have also demonstrated that AGP downregulates the Akt/mTOR survival pathway in this model [17] . In our study, we also observed inactivation of NF-kβ in andrographolide treated colon cancer cells (data not shown) similar to the previously reported [25] . In this article, we are interested in monitoring the RASSF1A regulation by suppression of angiogenesis signaling and Akt activation. In the present study, we have demonstrated if AGP regulates tumor suppressor gene expression, we first monitored different tumor suppressor gene expression which are involved in colon cancer progression, we found RASSF1A, PTEN and CDKN2A are upregulated by AGP treatment in colon cancer cells (Fig.1) .
Our results demonstrate that AGP significantly upregulates expression of the epigenetically silenced TSG RASSF1A, as well as PTEN and CDKN2A. Increased expression was noted in vitro and in vivo in AGP treated mice harboring HCT 116 tumors. Little is known about the potential of AGP to induce TSGs. AGP, alone or combined with cisplatin, has been shown to activate p53 [25, 35] . Additionally, AGP upregulates the HLJ1 TSG via Jun B activation in non-small cell lung cancer cells [36] . This is the first report documenting the induction of RASSF1A, PTEN, and CDKN2A expression by AGP. The RASSF1A activity observed in our model is consistent with functions described in other systems [2, 7] . It has been demonstrated to influence cell survival by several distinct mechanisms. Signaling through mitogenic stimuli such as growth factor receptors is associated with blocking cell cycle progression by indirectly regulating at Cyclin D and Cyclin A activities resulting in arrest at either the G1/S or G2/M phases [7, [37] [38] [39] . Signaling events associated with death receptor activity can also involve RASSF1A and these events promote apoptosis signaling. RASSF1A has been shown to activate Bax, but has also been shown to activate MST1 which leads to apoptosis [9, 12] . It can also activate MST2 leading to LATS and YAP activation which also promote the transcription of proapoptosis factors [10] . In our model, RASSF1A depletion using siRNA during AGP treatment of cancer cells resulted in reduced expression of Bax, but of MST1 and LATS as well, suggesting the involvement of several members of the canonical hippo pathway during AGP treatment.
RASSF1A is regulated through epigenetic modifications. Akt activation induces DNA methyltransferase (DNMT) to methylate the RASSF1A gene which inhibits its expression. Akt activation and function is complex but growth factor receptor signaling in which PIP 2 is converted to PIP 3 by PI3K contributes to Akt activation. The conversion of PIP 2 to PIP 3 is blocked by the tumor suppressor gene PTEN [40] which we observed to be significantly upregulated by AGP treatment. Depletion of PTEN during AGP treatment resulted in a 50% reduction of RASSF1A expression. Therefore, upregulation of PTEN expression is an important aspect of AGP activity with respect to increasing RASSF1A expression.
Increased expression of RASSF1A has also been described in prostate cancer cells treated with the plant biomaterial mahanine [2, 41] . Treatment of the cells with mahanine resulted in proteasome degradation of DNMT resulting in increased RASSF1A expression. Mahanine was shown to inhibit PDK1, which consequently results in reduced activation of Akt and then degradation of DNMT. Therefore, both mahanine and AGP act on the same pathway, although on different proteins, to effectively limit Akt activity which translates to increased RASSF1A expression.
We also observed AGP to suppress angiogenesis signaling. This is consistent with several other reports in which AGP was shown limit angiogenesis by targeting the miR-21-5p regulatory network and Notch1 pathway that drives CD133 expression to control melanoma growth and angiogenesis [30, 31] . In our model, AGP was shown to suppress the expression of VEGF receptors, FoxO3a and FOXM1 and to increase expression of the antiangiogenesis factor TSP-2. Many of these observations were observed in our in vivo tumor model as well. Microvascular count (MVC) for the quantification of tumor angiogenesis is a measure of tumor staging, as well as the potential for invasiveness and metastasis [42, 43] . In the present study we found that AGP significantly reduced microvessel size and number in tumor tissue treated with AGP as further evidence for AGPs anti-angiogenesis activity.
It was of particular interest that AGP suppressed angiogenesis signaling activity since it includes reduced Akt activation. Activated Akt is important for stabilizing DNMT, which in turn suppresses RASSF1A expression. Thus, reduced Akt activation would result in increased RASSF1A. The addition of exogenous VEGF was sufficient to prevent AGP from suppressing angiogenesis signaling and this resulted in significantly less RASSF1A expression compared to cells treated with AGP in the absence of VEGF. To the best of our knowledge, this is the first demonstration that RASSF1A expression is linked to angiogenesis signaling activity as illustrated (see online suppl. material) in Suppl. Fig. S5 . Therefore, in our model of AGP treatment, both PTEN expression and suppression of angiogenesis signaling contributed to increased RASSF1A expression.
In summary, these results demonstrate for the first time that AGP induces RASSF1A expression in colon cancer cells in vitro and in vivo and this expression is ER stress dependent. These results also demonstrate AGP has an anti-angiogenic property in colon cancer cells and that RASSF1A expression is dependent on angiogenic signaling events. The mechanism by which AGP influences the suppression of angiogenic signaling is not clear. Therefore, further investigation on AGP will be necessary to delineate its molecular interactions with VEGFR and other key elements in the angiogenesis pathway.
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